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Abstract—A method was developed for preparing a chelating amino polymer, pyridylethylpolyethylenimine with 
maximal degree of substitution, by polymer-analogous transformations of branched polyethylenimine in reaction 
with 2-vinylpyridine. The ability of cross-linked pyridylethylpolyethylenimine with the degree of substitution of 
0.32 to sorb Cu2+, Ni2+, Co2+, Zn2+, Cd2+, Mn2+, and Pb2+ ions present simultaneously in solution was evaluated. 
In an ammonium acetate sorption system (pH 3.5–4.0), the sorbent selectively interacts with Cu(II) ions.
DOI: 10.1134/S1070427213090114
Polymer-analogous transformations of macromo-
lecular compounds allow the application fi elds of known 
and available polymeric materials to be considerably 
expanded. Polyethylenimine (PEI) is a commercially 
available and highly reactive polymeric matrix. The PEI 
reactivity is determined by its polybase properties caused 
by the presence of primary, secondary, and tertiary amino 
groups. In most cases, their ratio is 1 : 2 : 1 [1], but it 
strongly depends on the polymerization conditions:
CH2 CH2 N CH2 CH2 NH
CH2
CH2
NH2
n m
The polybase nature of PEI ensures high ability of the 
macromolecule to form complexes with transition metal 
ions [2]. Sorbents can be jprepared both from unmodi-
fi ed cross-linked PEI [3–6] and from the functionalized 
polymer [6–12]. PEI as a polyamine is highly active in 
sorption of Hg(II) (3.3 mmol g–1 [3]), Cu(II), Ni(II), 
Co(II), and Zn(II) ions (no less than 2 mmol g–1 [6]) and, 
in combination with chitosan, in sorption of Hg(II) [4], 
Pt(IV), and Pd(II) ions [5]. Such complexing proper-
ties of PEI allow preparation of structure-forming [13, 
14] and metal-containing catalytic [15] materials based 
on it. Additional N-functionalization of PEI, primarily 
occurring at the most reactive primary amino groups 
[10], signifi cantly alters the sorption characteristics. For 
example, at pH < 2, the sorption capacity of PEI-based 
sorbents containing carboxylic acid residues for Cu2+ ions 
is 0.7 mmol g–1 [7, 8]. The sorbent prepared by introduc-
tion of the 2,3-dihydroxypropyl substituent exhibits high 
ability to sorb boric acid (>2 mmol g–1) [9, 10].
In this study, we developed a procedure for PEI 
pyridylethylation, prepared sorption materials from the 
modifi ed polymer, and evaluated their ability to sorb a 
series of transition metal ions.
EXPERIMENTAL
We used commercial branched polyethylenimine 
(Aldrich) with the average molecular weight of 25 kDa. 
2-Vinylpyridine (Sigma–Aldrich) was distilled before 
use and stabilized with hydroquinone (0.05%). C,H,N 
analysis was performed with a Perkin–Elmer automatic 
analyzer. The IR refl ection spectra were recorded with a 
Spectrum One spectrophotometer (Perkin–Elmer). The 
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1H NMR spectra were taken with a Bruker DRX-400 
spectrometer. Solution samples were dissolved in D2O/
DCl (10 mg mL–1); DDS [sodium 3-(trimethylsilyl)
propane-1-sulfonate] was used as internal reference. 
The solvent signal was suppressed by the presaturation 
method.
Synthesis of pyridylethylpolyethylenimine. A mix-
ture of 5.4 g (0.024 mol of NH2) of polyethylenimine, 
2.16 mL (0.024 mol) of concentrated hydrochloric acid, 
5.04 mL (0.048 mol) of 2-vinylpyridine, and 23.4 mL 
of water was kept for 10 min until a gelatinous mass 
formed. After that, the mixture was heated at 70°С for 
24 h and then cooled. The polymer was precipitated from 
the mixture by adding 300 mL of acetone and then was 
reprecipitated two times more. The product was dried at 
room temperature to constant weight. Yield 6.4 g, degree 
of substitution 0.34.
The modifi cation conditions and product character-
istics are given in Table 1. The degree of substitution of 
the products was calculated from the ratios of the integral 
intensities of the 1H NMR signals corresponding to the 
aliphatic and aromatic moieties.
Synthesis of sorbents. The sorbents were prepared 
by polymer cross-linking as follows. A 3.3-mL portion 
of epichlorohydrin was added with stirring to a mixture 
of 3.5 g of pyridylethylpolyethylenimine (degree of sub-
stitution 0.34), 20 mL of water, and 2.18 g of NaOH. The 
mixture was heated at 50°С for 2 h. The precipitate was 
fi ltered off, washed with water until the fi ltrate became 
free of Cl– ions, and dried at 50°С to constant weight.
The ionization constants (рKb) of functional groups 
of the sorbents were determined by potentiometric titra-
tion of separate weighed portions with a carbonate-free 
0.05 M KOH solution (ionic strength μ = 0.1 M, KCl). 
The equilibrium was considered to be attained if pH of 
the solution over the sorbent ceased to change with time. 
The titration curves were plotted in the рН–Vt coordinates, 
and the apparent ionization constants of functional groups 
of the sorbent were calculated [16]. The static exchange 
capacity for hydroxide ions was determined by acid–base 
back-titration with potentiometric indication of the titra-
tion endpoint.
Standard solutions of transition metal nitrates were 
prepared by dissolving weighed portions of the cor-
responding analytically pure grade salts. The working 
solutions were prepared by diluting aliquots of the stock 
solution with distilled water. The solution acidity was 
maintained with an ammonium acetate buffer solution. 
The pH of the solutions was monitored with an ANION 
4100 pH meter equipped with a combined glass elec-
trode (ESK-10601). The sorption of transition metal ions 
present simultaneously in solutions was studied in batch 
experiments with intermittent stirring. The concentration 
of metal ions in the solution before and after the sorption 
was determined by fl ame atomic absorption spectroscopy 
with a Solaar M6 spectrometer. The degree of recovery 
of metal ions was calculated as the ratio of the difference 
between the ion amounts in the aqueous phase before and 
after the sorption to the initial amount of the ion in the 
aqueous phase.
RESULTS  AND  DISCUSSION
High reactivity of PEI [17–22] is chiefl y due to pri-
mary amino groups [10]. However, no attempts of PEI 
modifi cation by the Michael reaction have been reported. 
It was shown previously that macromolecular amines 
(chitosan [23] and polyallylamine [24]) can be success-
fully involved into the reaction with 2-vinylpyridine to 
obtain new chelating derivatives [25]. Under the con-
ditions of polymer-analogous transformations such as 
synthesis in a gel [26, 27], chitosan and polyallylamine 
behave as highly reactive polymeric nucleophiles. Here 
we used this approach for modifying polyethylenimine 
with 2-vinylpyridine.
Table 1. Conditions of polyethylenimine 2-(2-pyridyl)ethyl-
ation and degree of substitution of the products (reaction time 
24 h, 70°С)
Run 
no.
NH2 : 
2-vinylpyridine mo-
lar ratio
Polymer con-
centration, %
Degree of 
substitution
1 1 : 1 15 0.18
2 1 : 2 15 0.34
3 1 : 4 15 0.78
4 1 : 6.8 11 1.25
5 1 : 8 11 0.58
RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  86  No. 9  2013
1385PREPARATION  OF  A   CHELATING  SORBENT
NH2  HCl
CH2 CH2 N NHCH2 CH2
CH2
CH2
N
NaCl
NH2-n
CH2 CH2 N NH1-mCH2 CH2
CH2
CH2
NCH2CH2
NCH2CH2 n
x y x y
(1)
(2) NaOH m
The compositions and structures of the derivatives 
obtained were determined by elemental analysis and IR 
spectroscopy. New bands corresponding to pyridine ring 
vibrations appear at 1625, 1472, and 773 cm–1 against 
the background of strong PEI bands [3281 (N–H); 2934, 
2813 (С–H); 1124, 1050 cm–1 (С–N)].
The conditions of polymer-analogous transformations 
and the degrees of substitution are given in Table 1. A 
15% polymer solution, which was a gel, was kept at 70°С, 
because these conditions were shown previously to be the 
best for this reaction [23–25].
The incorporation of the 2-(2-pyridyl)ethyl group 
into PEI was confi rmed by 1H NMR spectroscopy. In the 
spectrum of pyridylethylpolyethylenimine (Fig. 1), there 
are signals in the interval 7.92–8.69 ppm, correspond-
ing to hydrogen atoms in the pyridine ring and signals 
of methylene protons at 3.38 and 3.60 ppm, whereas 
signals of protons at the double bond of 2-vinylpyri-
dine (6.07–6.52 ppm) are absent. No polymerization of 
2-vinylpyridine was observed. The chemoselectivity 
(mono- or diaddition) could not be determined from the 
1H NMR spectra because of large signal width typical 
of macromolecular compounds. Taking into account the 
known reactivity of 2-vinylpyridine toward low- [28] and 
high-molecular-weight amines [23–25], we can assume 
that, with a successive increase in the degree of substi-
tution, primary amino groups undergo pyridylethylation 
fi rst, which is followed by pyridylethylation of secondary 
amino groups with the formation, in particular, of dipyri-
dylethylated amino groups. Indeed, as follows from Table 
1, at a twofold molar excess of 2-vinylpyridine (Table 1, 
run no. 2), the primary groups of PEI are fully function-
alized. Further increase in the reagent excess (run no. 3) 
leads to involvement of secondary groups (both in the 
backbone and in pendant chains) into the reaction. Still 
larger excess (run no. 4) ensures complete functionaliza-
tion of both primary and secondary amino groups of PEI. 
Tertiary amino groups of PEI do not participate in the 
reaction. An attempt to involve them into functionaliza-
tion by further increasing the reagent excess (run no. 5) 
leads to a decrease in the degree of substitution, probably 
due to signifi cant dilution of the reaction mixture, i.e., to 
a decrease in the polymer concentration, and to the occur-
rence of the reverse Michael reaction. Polyethylenimine 
is more reactive than chitosan owing to lower steric hin-
drance, but less reactive than polyallylamine because of 
Fig. 1. 1H NMR spectrum of polyethylenimine 2-(2-pyridyl)ethylation product. (δ) Chemical shift.
Scheme 1. Pyridylethylation of polyethylenimine
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the branched structure and presence of not only primary, 
but also secondary and tertiary amino groups.
Chelating sorbents based on pyridylethylpolyethyl-
enimine were prepared by cross-linking of the polymer 
with epichlorohydrin. As follows from Table 2, SECOH– 
increases insignifi cantly with an increase in the degree of 
substitution, which may be due to the combined effect of 
two factors: degree of cross-linking and hydrophilicity of 
the macromolecule. To calculate the apparent ionization 
constants of functional groups of the sorbents, we used the 
modifi ed Henderson–Hasselbalch equation recommended 
for polymeric chelating sorbents [16, 29]. It follows from 
Table 2 that the calculated ionization constants of func-
tional groups of pyridylethylated polyethylenimines are 
comparable with each other but differ from that of the 
monomeric analog, pyridine (pKb = 8.82). This is due to 
the fact that introduction of alkyl substituents into the 
pyridine ring enhances its basicity owing to the positive 
inductive effect of the alkyl group. Similar explanation is 
suggested for the increased basicity of polyvinylpyridine 
sorbents in [16]. 
We studied the sorption of simultaneously present 
Cu(II), Ni(II), Co(II), Zn(II), Mn(II), Cd(II), and Pb(II) 
ions from ammonium acetate buffer solution onto S1 
sorbent. Its sorption capacity for Cu(II) ions varies with 
the acidity insignifi cantly and amounts to approximately 
80%. The maximal sorption of Ni(II), Co(II), Pb(II), and 
Cd(II) ions is observed at pH 6.0–8.0. Zn(II) and Mn(II) 
ions are not recovered in the examined acidity range. 
The pH dependence of the recovery of the ions (Fig. 2) 
shows that the sorbent based on pyridylpolyethylenimine 
is selective to Cu(II) ions in the pH interval 3.5–4.0.
CONCLUSIONS
(1) A method was suggested for preparing pyridyleth-
ylpolyethylenimine using the gel procedure of polymer-
analogous transformations. The product structure was 
determined, and relationships allowing preparation of 
polymers with different degrees of substitution were 
revealed.
(2) Cross-linked pyridylethylpolyethylenimine can 
be used as sorbent for selective separation of Cu(II) ions 
from Ni(II), Co(II), Zn(II), Cs(II), Mn(II), and Pb(II) ions 
in the pH interval 3.5–4.0.
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